Abstract. Optical coherence tomography (OCT) is a powerful tool in ophthalmology that provides in vivo morphology of the retinal layers and their light scattering properties. The directional (angular) reflectivity of the retinal layers was investigated with focus on the scattering from retinal pigment epithelium (RPE). The directional scattering of the RPE was studied in three mice strains with three distinct melanin concentrations: albino (BALB/c), agouti (129S1/SvlmJ), and strongly pigmented (C57BL/6J). The backscattering signal strength was measured with a directional OCT system in which the pupil entry position of the narrow OCT beam can be varied across the dilated pupil of the eyes of the mice. The directional reflectivity of other retinal melanin-free layers, including the internal and external limiting membranes, and Bruch's membrane (albinos) were also measured and compared between the strains. The intensity of light backscattered from these layers was found highly sensitive to the angle of illumination, whereas the inner/outer segment (IS/OS) junctions showed a reduced sensitivity. The reflections from the RPE are largely insensitive in highly pigmented mice. The differences in directional scattering between strains shows that directionality decreases with an increase in melanin concentrations in RPE, suggesting increasing contribution of Mie scattering by melanosomes.
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Introduction
Over the past several years, optical coherence tomography (OCT) has evolved into a powerful tool for the in vivo investigation of cross-sectional retinal anatomy and pathology. 1,2 OCT extracts depth-resolved information about the intensity of backscattered light from retinal layers using low coherence interferometry. The amount of light backscattered/reflected from the retinal layers can provide critical information regarding tissue properties and underlying changes. Furthermore, measuring changes in the angular (directional) scattering of retina layers might further enhance our ability to sense microscopic changes in cellular and subcellular morphology that might precede and/ or follow disease progression. However, this information is not utilized in current clinical OCT systems. The reduction in light scattered by the retinal nerve fiber layer (RFNL) near the optic nerve head is reported to be an early indicator of axonal degeneration and a sensitive way to detect glaucomatous damage. [3] [4] [5] The reflection from the RFNL is found to be highly directional, and the implications of the variability caused by the directional reflectance on clinical measurements are reported. 6 The directional scattering properties exhibited by the Henle's fiber layer (HFL) in human retina account for their oblique orientation with respect to the outer nuclear layer (ONL). Therefore, directional OCT (dOCT) imaging of human retina enables the delineation of HFL from the ONL and accurate measurement of macular photoreceptor nuclear layer thickness, which are important biomarkers for retinal degenerations. 7, 8 The directional reflectance property shown by the photoreceptor bands, known as the optical Stiles-Crawford effect (SCE), provides the information on the structural integrity of the photoreceptors. An OCT-based assessment of the reflectivity of the photoreceptors layer is reported to study SCE in human retina. 9 The evaluation of the RPE in vivo has great significance in both visual science and clinical studies, since RPE health will directly affect photoreceptor-RPE-choroid neurovascular unit (PRC-NVU) function. PRC-NVU plays a key role in the process of the vision-sustaining visual cycle and contributes to photoreceptor pigment regeneration. The role of RPE melanin as a major protective agent in the RPE cells sheltering the RPE from exposure to radiation, oxidative stress, and light damage is well documented. [10] [11] [12] Ultrastructural studies have shown that RPE melanosomes undergo significant changes with age or disease. [13] [14] [15] A noninvasive in vivo assessment of melanin changes in the RPE could be a valuable adjunct in the clinical diagnosis of aging and disease progression. Near-infrared autofluorescence (NIA) has been used to visualize the melanin distribution in human outer retina. 16, 17 However, overall NIA emission intensity is contributed by the melanin distribution in the RPE as well as in choroid. Therefore, it is practically impossible to differentiate the contribution from melanin in the RPE alone by using simple fluorescent intensity detection.
OCT enables the delineation of retinal layers at cellular resolution and allows the measurement of backscattered light from individual layers. The presence of melanin causes increased backscattering from the RPE and appears as a hyper-reflective band in clinical OCT images. Owing to high melanin scattering, the RPE appears as a thick bright band that can obscure adjacent layers. 18 Thus, RPE melanin scattering limits the visibility of Bruch's membrane (BrM) and rod outer segment tips, as well as cone outer segment tips in the human fovea, in OCT images. The relative levels of melanin in different individuals could be potentially derived from the changes in the reflectivity of the RPE layer or from the visibility of adjacent layers. However, the accuracy of this approach is often limited by several factors, including system axial and lateral resolution and position of the focal plane, OCT sensitivity roll-off, acquisition settings, and intersubject variability. 18 The ability of RPE melanin to depolarize the backscattered light enables polarization-sensitive OCT (PSOCT) to segment RPE layer and study melanin-related changes in RPE. 19, 20 In addition to the investigation in animal models, this feature of PSOCT has also been also used in clinical studies of agerelated macular degeneration, RPE detachment, and pseudovitelliform dystrophies. 21, 22 Photothermal OCT (PTOCT) is another functional extension of OCT, based on the photothermal effect, which enables the detection of the optical absorbers in tissues. By taking advantage of the strong absorption in IR by melanin, Lapierre-Landry et al. 23, 24 demonstrated the capability of PTOCT to image melanin distribution in mice and zebrafish retina, and the migration of melanin within RPE in response to dark and light adaptation.
Recently, the potential of angle-resolved measurement of the backscattered signals to provide information on the underlying chemical and physical changes of tissue components has been reported. [25] [26] [27] This approach is based on the acquisition of signals from different backscattering angles and separation of the detection path from the illumination. dOCT is a variant of angle-resolved OCT where both illumination and detection path remain the same, and the imaging is performed with a rotating/translating imaging probe.
In this investigation, we show that the magnitude and directional scattering from the RPE measured with a dOCT correlates with the melanin concentration in the RPE, and thus can potentially serve as an indicator of pigmentation (melanin) level in RPE cells. A custom-built dOCT system was used to investigate in vivo the directional reflectivity of RPE and other reflective (melanin-free layers) in mice retina. The dOCT imaging was performed with a swept source-based OCT (SS-OCT) system operating at a center wavelength of 1060 nm. Three mice strains, modeling different concentration of melanin: melanin-lacking albino (BALB/c), strongly pigmented (C57BL/6J), and mildly pigmented agouti (129S1/SvlmJ) mice were used for the study. The dOCT images were acquired by varying the position of the entrance pupil (imaging beam) with respect to the dilated mouse pupil using motorized linear stages. The reflectivity of each layer was measured from average A-scan profiles and the angular dependence of the intensity quantified with Gaussian profiles fitted to the experimental data.
Materials and Methods

Swept-Source OCT-Based dOCT System
A schematic representation of the custom SS-OCT-based dOCT system is shown in Fig. 1 . The swept source laser (Axsun Technology, Massachusetts) has a center wavelength of 1060 nm and tuning range of 100 nm. The axial resolution (in air) and peak sensitivity of the SS-OCT are 7.5 μm and 101 dB, respectively. The incident power of the imaging beam on the mouse eye was measured to be ∼1 mW. The optical configuration of OCT interferometer comprises three 50∕50 couplers. 28, 29 The light from the swept source is directed to the interferometer coupler (FC2) via the first coupler (FC1). The two output ports of the coupler FC2 constitute the two arms of a Michelson interferometer. In the reference arm, the light is collimated and projected onto a reference mirror through a dispersion compensator and achromatic lenses, whereas in the sample arm, the probe beam is scanned over the retina using a galvanometric mirror-based beam steering setup (Cambridge Technology, Massachusetts). A scanning lens (L3) and a tube lens (L4) deliver a collimated beam with diameter of ∼400 μm on the mouse cornea. The reflected light from both interferometric arms is combined at the coupler and the resulting spectral interferogram is detected by a 350-MHz balanced photodetector (PDB430C, Thorlabs Inc.) and sampled by a digitizer (ATS9350, AlazarTech Inc.). 30, 31 The galvanometric mirror scanning unit is synchronized with the data acquisition system controlled by a DAQ Card (PCI6202, National Instruments).
A high-performance computational platform based on CUDA-enabled GPU (Nvidia GetForce 980-gtx) is used to perform real-time processing of interferometric data and image display. This allows the efficient positioning and imaging of the mouse eye without the use of a pupil camera. High-speed imaging enables acquisition of the three-dimensional OCT data well before the mice eyes are affected by cataract. The imaging probe of OCT system is mounted on an X − Y − Z motorized stage (Zaber Technologies, Canada) allowing the controlled and automated positioning of the imaging beam with respect to the dilated mouse pupil, as shown in Fig. 1 .
Mouse Handling
All mouse husbandry and handling, including imaging, were in accordance with an animal study protocol approved by the University of California Animal Care and Use Committee, which is accredited by Association for Assessment and Accreditation of Laboratory Animal Care International and strictly adhere to the guidelines set forth by the National Institutes of Health (NIH) and Association for Research in Vision and Ophthalmology (ARVO). The right eyes of four albino (BALB/c, 1-year-old, female), four pigmented (C57BL/6J, 1-year-old, female), and four agouti (129S1/SvlmJ, 1-year-old, female) were imaged for the study. All mice strains were obtained from the Jackson Laboratory (Sacramento, California). The mouse was positioned on a custom-made platform, and body temperature was maintained and monitored with a heating pad interfaced with a temperature controller. A bite bar and metallic nose mask attached to the platform allowed the stable positioning of the mouse head. During image acquisition, mice were anesthetized with the inhalational anesthetic isoflurane (2% in O 2 ). Pupils were dilated with 1% tropicamide and 2.5% phenylephrine (Akorn, Inc., Lake Forest, Illinois).
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Image Acquisition and Measurement Procedure
The dOCT imaging was performed by laterally shifting the entrance pupil position (imaging beam) along horizontal (H) and vertical (V) directions across the dilated mouse eye pupil, as shown in Fig. 1 . The entrance pupil position was shifted to a maximum of 800 μm on either side of the pupil center with a step of 100 μm. At each pupil position, the OCT system collected five closely spaced (2 μm each) B-scans at 20°field of view (FOV) corresponding to a patch of the retina of size ∼10 μm × 680 μm. The number of B-scans acquired at each retinal location was set to three, so a total of 15 B-scans were acquired. An inter-frame motion correction algorithm was applied to all B-scans using a custom MATLAB Script. The 15 B-scans acquired for each imaging beam position were registered and averaged using Image J (Turbo Reg). 32 The lateral displacement of the OCT beam at the pupil plane resulted in a tilt of the B-scans (see Sec. 5). The averaged B-scans from all beam entry positions were tilt-corrected using affine transform and registered using ImageJ (Stack Reg). 32, 33 A total of 20 wellaligned intensity A-scans were selected and averaged from each averaged B-scans for further analysis. The reflections from the retinal layers measured by OCT are affected by attenuation of the light passing through the ocular media (cornea, lens, and vitreous) due to local variation in absorption or scattering and may change with pupil position. 34, 35 There is also a possibility of second-order intensity variations due to transverse chromatic aberration. 36 The temporal fluctuations in instrument performance (sensitivity) could also affect overall reflectance measurement. The ONL is a uniformly scattering layer of the retina due to the round shape of nuclei in a watery cell body and is not sensitive to directional illumination. Thus, any change in intensity fluctuations caused by the aforementioned reasons would be reflected in the average intensity (background) of the ONL. Normalization of the A-scans intensity to ONL reflection corresponding to different pupil entry positions will nullify the change in intensity due to absorption and scattering by ocular media and will allow accurate measurement of directional reflectivity of retinal layers. The sensitivity roll-off of the OCT signal at different depth positions were corrected and assured to be constant during the experiment. Reflections from the inner limiting membrane (ILM)/nerve fiber layer (NFL), external limiting membrane (ELM), inner-outer segment (IS/OS) junction, and Bruch's membrane (BrM)/retinal pigment epithelium (RPE) with respect to the angle of incidence were E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 7 5 2 IðxÞ ¼ a 0 þ a 1 Ã 10 −ρ½ðx−x 0 Þ 2 þðy−y 0 Þ 2 ;
where a 0 represents the intensity of the diffuse component (nondirectional scatter) in the retinal reflection. Here, a 1 and ρ represent the peak intensity and directionality, respectively. Here, x 0 and y 0 represent the shift in the position from the geometric pupil center of the dilated eye. PRISM (Version 7.02; GraphPad Software, La Jolla, California) was used for statistical analysis. An analysis of variance (ANOVA) was performed to evaluate whether there were significant differences between the reflectivity parameters across different mice strains. Differences with a p-value of 0.05 or less were considered statistically significant.
Results and Discussion
Representative OCT B-scans of albino, strongly pigmented, and agouti mice are shown in Figs. 2(a)-2(c) , respectively. Averaged A-scans (linear scale) corresponding to different angles of incidence for albino, strongly pigmented, and agouti mice are shown in Figs. 2(d)-2(f) . The ILM/NFL is unambiguously present and high scattering in the retinas of all three mouse strains, and is used for cross-strain alignment of the A-scans. The inner plexiform layer (IPL) and outer plexiform layer (OPL) appear as bright bands due to increased scattering by neuronal synapses, whereas the inner nuclear layer (INL) and ONL are relatively low-scattering layers due to watery nature of the cell bodies. A thin reflective band distal to the ONL corresponds to the external limiting membrane (ELM). A somewhat diffuse reflective band, posterior to the ELM, represents the junction between the photoreceptor IS and OS, mostly rods in the mouse retina.
The high reflectance of this layer is caused by the abrupt transition in refractive index from the IS to the OS. 37 In the case of pigmented and agouti mice, there is a thick bright band posterior to the photoreceptor IS/OS junction, representing scattering from the melanin-containing RPE cells. In albino mice, which lack melanin in RPE cells, a thin highly reflective band corresponding to Bruch's membrane (BrM) appears posterior to IS/OS. The mouse retina layer assignments presented here are based on our understanding of the cellular origins of light scattering in the human retina presented by Jonnal et al. 38, 39 and correlations with mouse retinal histology. Figure 3 shows directional reflectivity profiles measured for four major retinal layers of three mice strains. Figures 3(a),  3(d), and 3(g) show the en face projections of OCT fundus volume of an albino mouse, agouti, and strongly pigmented mice, respectively. The dashed red lines on the OCT en face image fundus show the location and direction of the beam scanning. The complete dOCT images acquired from 17 entry positions in H and V directions for all mice strains are shown in the appendices. The acquired dOCT images show that the reflectivities of many retinal layers depend on illumination angle and therefore the visibility of these structures varies as a function of entry pupil positions (or angle of incidence). Figures 2(d)-2(f) show the representative averaged A-scan profiles indicating the variation of the reflectivity of retinal layers with the angle of incidence for albino, strongly pigmented and agouti mice, respectively. The reflectivity of major retinal layers measured for different angles of incidence and their corresponding Gaussian fitting functions are shown in Fig. 3 . For all three mice strains, the reflection from the inner retinal layers ILM/NFL and ELM are highly directional, as their strength declines steeply with the angle of incidence of the OCTscanning beam on the retina. In contrast, the reflection from the IS/OS junction for all mice strains has a wider reflectivity profile as compared to ILM/NFL and ELM, possibly representing waveguiding properties of the inner segments of rod photoreceptors. 40, 41 Notably, in albino mice, which lack melanin pigmentation, the reflection from BrM is highly directional. In contrast, in a strongly pigmented mouse, reflections from the RPE are insensitive to the angle of incidence and have a flat profile similar to that reported for human RPE. 9 The directional sensitivity of the reflections from the RPE/BrM complex for agouti mice is intermediate between those of strongly pigmented and albino mice.
The directional reflectivity of retinal layers in three mice strains is quantified using the directionality parameter (ρ) of Eq. (1). For all mice strains, the mean and standard deviation of directionality is calculated from four mice samples (see Table 1 ). From the table, it is evident that the ILM/NFL and ELM exhibit relatively higher directional scattering compared to IS/OS and RPE. Furthermore, the directionality measured for ILM/NFL, ELM, and IS/OS is similar and does not statistically differ among the three mice strains (p ¼ 0.45). The directionality of RPE shows marked changes among the three mice strains (p ¼ 0.01). The directionality is found to be higher for albino mice and gradually reduced in agouti and highly pigmented mice. The reflections from the RPE are largely insensitive in highly pigmented mice and the directional scattering between strains shows that directionality increases with decreases in melanin concentrations in RPE.
A scatterplot of peak reflectivity versus directionality of the retinal layers of the three mice strains is given in Fig. 4 . The RPE in highly pigmented mice shows increased reflectivity and reduced directionality compared to albino and agouti mice. The gradual increase in reflectivity of RPE in agouti and strongly pigmented mice relative to albino is due to the presence of melanosomes in the RPE. Here, we did not independently validate the relative amounts of melanin in the three mice strains used in this study. However, the lack of melanin pigmentation in albino (BALB/c) mice is well known and widely reported. Issa et al. 16, 42 have reported the difference in the melanin pigmentation levels in agouti (129S1/SvlmJ) and strongly pigmented (C57BL/6J) mice using 790-nm near-infrared fluorescence (NIRF) imaging. They found the melanosome concentration to be nearly half in agouti as compared to strongly pigmented (C57BL/6J) mice. The dominant scatterers in the pigmented RPE have been identified as the melanin granules (melanosomes). 18, 43 The scattering nature of a melanin granule depends on its shape and effective size relative to the wavelength of the light used for imaging. The average size of the melanin granules varies from 600 nm to 1 μm in diameter, resulting in a size (diffraction) parameter x ¼ 2πr∕λ in the four to six range (for λ ¼ 1.05 μm), clearly placing melanosome scattering in the Mie scattering regime range. 44 In general, we expect that change in size and shape, not just the number of scatterers, could also be studied using our dOCT method. Based on this average size of melanosomes known from other studies, we conclude that they are responsible for strong scattering from the RPE layer. The directionality and relative reflectivity of the other layers were found to be similar for all mice strains under the same experimental conditions, confirming that indeed the melanin concentration in RPE is responsible for the observed variation in scattering from this layer.
Conclusion
The directional reflectivities of the major scattering layers in retinas of mice with different melanin concentration levels were investigated with a dOCT system. The magnitude and directional scattering from the RPE depend on the melanin concentration in RPE cells. RPE with higher melanin concentration showed increased scattering but reduced directionality (Fig. 4) . In other words, the directionality in the RPE/BrM complex increased with decreases in RPE melanin concentration. Highly reflective and melanin-free layers such as ILM/NFL, ELM, and BrM (in albino mice) were found to be highly sensitive to the angle of illumination, but as expected, they did not vary between mice strains of different melanin concentrations. We anticipate that the capability of directional reflectivity of RPE to detect the relative changes in melanin pigmentation in RPE could be a powerful tool/biomarker for the investigation of RPE in vivo. The proposed methodology could be extended for the investigation of pathological eyes with arbitrary RPE shape, albeit, a local change in RPE layer orientation would require the local calculation of directionality rather than a global one. Further studies are needed to establish age and diseaserelated changes in melanin concentration in vivo. OCT systems with the higher axial resolution and the different spectral band should be explored to enhance the sensitivity of this technique. OCT system with higher axial resolution would allow axial localization of the melanin granules within the RPE cells to allow probing of the subcellular morphology of these highly specialized cells. 44 
Appendices
The directional OCT images have been acquired by varying the position of the entrance pupil (imaging beam) with respect to the dilated mouse pupil using motorized linear stages in horizontal (H) and Vertical (V) directions. The representative directional OCT images along H and V directions for albino (Figs. 5 and 6), highly pigmented (Figs. 7 and 8) , and mildly pigmented agouti mice (Figs. 9 and 10 ) are presented below. The conceptual schematic of the dilated pupil of mouse eye (blue circle) with different positions of the imaging beam (red dots) during single directional imaging session are presented for each scanning series.
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